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ABSTRACT 
The t e n s i l e  and a x i a l  f o r c e s  and t h e  moments a c t i n g  upon 
a conduct ing loop are  examined,  in  general  terms, f o r  t h e  c a s e s  
t h a t  t h e  loop i s  ( a )   comple t e ly   i so l a t ed ,  (b) i n   t h e   p r e s e n c e   o f  
another  coaxia l  conduct ing  loop ,  ( c )  i n  a un i form magnet ic  f ie ld ,  
and ( d )  i n  a nonun i fo rm  magne t i c   f i e ld   ( t he   ea r th ' s ) .  The 
r e s u l t s  a r e  p r e s e n t e d  so t h a t  t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e  
e f f e c t s  and the  numer ica l  va lues  can  be e v a l u a t e d  f o r  s p e c i f i c  
examples. Two such  examples  are  worked  out,   one  being  the  case  of 
a loop i n  t h e  e a r t h ' s  m a g n e t i c  f i e l d  and m a i n t a i n e d  c i r c u l a r  by 
pass ing  a c u r r e n t  t h r o u g h  t h e  loop. The other  example i s  t h a t  o f  
r e o r i e n t i n g  t h e  a x i s  o f  symmetry of a ve ry  l a rge  pa rabo lo ida l  
a n t e n n a  i n  t h e  e a r t h ' s  m a g n e t i c  f i e l d  b y  g e n e r a t i n g  loop c u r r e n t s  
in   the  antenna,   e .g . ,   around  the rim. 
The f o r c e s  c a u s e d  b y  a n  e l e c t r o s t a t i c  c h a r g e  p l a c e d  o n  ( a )  
a long w i r e ,  (b) a c i r c u l a r  d i s k ,  and ( c )  a sphere,   are   examined.  
High t e n s i l e  stresses a r e  c a u s e d  i n  a t h i n  w i r e  by a f e w  hundred 
k i l o v o l t s  b u t  t h e  same v o l t a g e  c a u s e s  o n l y  r e l a t i v e l y  v e r y  l o w  
stresses i n  t h e  o t h e r  two cases. However, a n   e l e c t r o s t a t i c  
p o t e n t i a l  of 2 x 10' vo l t s  on an ECHO I1 ba l loon  w i l l  cause an 
e q u i v a l e n t  i n t e r n a l  p r e s s u r e  w h i c h  is two orders  of  magni tude 
g r e a t e r  t h a n  r a d i a t i o n  p r e s s u r e .  
I .  INTRODUCTION 
Theory predicts  and experience has  shown t h a t  t h e  e a r t h ' s  
magnet ic  f ie ld  produces  torques  upon e a r t h  s a t e l l i t e s  by t h e  
induct ion  of   eddy  currents   (Reference 1) and  by   in te rac t ion  
wi th   i n t e rna l ly   gene ra t ed   cu r ren t s .   Such  phenomena may, i f  
uncont ro l led ,  have  an  adverse  e f fec t  upon a s a t e l l i t e ' s  f u n c t i o n .  
However, t h e  q u e s t i o n  n a t u r a l l y  arises as  to  whe the r  va r ious  
e lec t romagnet ic  phenomena might be used t o  produce forces i n  
space  veh ic l e s  t ha t  cou ld  be u t i l i z e d  f o r  s t r u c t u r a l  d e p l o y m e n t ,  
g e o m e t r i c a l  c o n t r o l ,  a t t i t u d e  c o n t r o l ,  o r  p r o p u l s i o n .  
I n  t h i s  r e p o r t  e l e m e n t a r y  e l e c t r o m a g n e t i c  t h e o r y  w i l l  be 
u s e d  t o  d e r i v e  e x p r e s s i o n s  f o r  t h e  i n t e r n a l  a n d  e x t e r n a l  l o a d s  
due t o  e l e c t r o m a g n e t i c  effects on a v a r i e t y  o f  s i m p l e  s t r u c t u r e s .  
Examples w i l l  be worked o u t  i n  a f e w  c a s e s  t o  i n d i c a t e  t h e  o r d e r  
of  magni tude  of  the  e f fec ts .  I t  i s  hoped t h a t  t h e  r e s u l t s  p r e -  
s e n t e d  i n  t h e  r e p o r t  w i l l  be u s e f u l  t o  s t r u c t u r a l  e n g i n c e r s  who 
may be in t e re s t ed  in  eva lua t ing  the  mechan ica l  effects  of e lectr ic  
2 
and  magnetic  fields on space  structures. 
Since it  is not assumed  that  the  reader  is an expert  in 
electromagnetic  theory,  some  elementary  propositions  will  be 
reviewed  before  considering  applications. 
The force  acting  upon an incremental  moving  electric  charge, 
dq,  as  the  result of electromagnetic  phenomena  can be described 
in  terms of  the  electric  field  vector  E  and  the  magnetic  field 
vector  B  as 
- 
- 
where V is  the  velocity of the  charge. If, as  is  usually  the 
- 
case,  the  force  upon  an  electric  conductor  is of concern,  then  the 
above  equation  can  be  written as 
dF=Edq+IxBdl!! 
"
where  is  the  current  and d& is  an  increment of path  length  in 
which  the  current  flows. 
Our knowledge of the fields E and which naturally exist 
- 
in  space  is  generally  dependent  upon  prior  measurements.  However, 
if additional  fields  are  generated  by  some  known  process,  they  can 
be  predicted  by  means of Maxwell's  equations,  the  conservation of 
charge,  the  geometry of the  situation,  and  the  nature of the 
materials  involved.  Maxwell's  equations  are: 
3 
- - a~ - 
a t  V X H  -" - J  
The conserva t ion  of  charge  can  be w r i t t e n  a s  
Two o the r  equa t ions  wh ich  a re  o f t en  g iven  a s  Maxwel l ' s  equa t ions  
follow di rec t ly  f rom the  above  and are :  
The e l ec t romagne t i c  p rope r t i e s  o f  t he  medium are  normal ly  expressed  
as 
where 
- 
E = e lec t r ic  f i e l d  i n t e n s i t y  
D = electr ic  displacement  
- 
- 
J = c u r r e n t  d e n s i t y  
- 
H = m a g n e t i c  f i e l d  i n t e n s i t y  
4 
- 
B = magnetic  induction 
u = conductivity 
E = permittivity 
P = permeability 
The determination of the  electromagnetic  forces  upon  macro- 
scopic  bodies  (in  the  absence of relativistic  effects)  is  made  by 
means of mathematical  manipulations  upon  the  above  relationships 
within  the  boundary  conditions  imposed  by  the  bodies  and  their 
total  environment. In practice,  the  problems  can be quite  compli- 
cated  and only  a  few  rather  simple  zituations  are  considered in 
this  report. 
11. CONDUCTING LOOPS 
A. GENERAL DISCUSSION 
If  an  incremental  length of conductor  has  no  net  charge  upon 
it,  the  forces  as  the  result of electromagnetic  phenomena  arise  by 
virtue of the  interaction of the  current  in  the  element  with  the 
of I. 
- 
The  magnetic  field  may  be  naturally  occurring,  may  result  from 
current  in  other  conductors,  or  may  result  solely  from  the  current 
in  other  portions of the  same  conductor. 
5 
The magnet ic   induct ion  dB1 a t  p o i n t  1 due t o  a c u r r e n t  
- 
f l o w i n g   i n  dS2 is  
- 
- dS2 x r2  
dB1 = -5- I2 -r-’ 
( the law of  Biot-Savart)  
where 
- 
r2 = r a d i u s   v e c t o r  from p o i n t  2 t o   p o i n t  1 
r = 
and t h e   f o r c e ,  dF1, on  ds, a t  p o i n t  1 is obta ined  by 
combining (11) and ( 1 2 )  
- 
- /u dSl x (as2 x r2)  dF1 = - 4 n- I l I 2  r j  
Severa l  examples  of  the  forces  on conduct ing loop are con- 
s i d e r e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  
B. TENSION I N  LOOP 
1. Tension  in   Conduct ing Loop i n  
Otherwise Field-Free Region. 
A genera l  p rocedure  for c a l c u l a t i n g  t h e  f o r c e  on a conductor 
w a s  descr ibed   in   the   p receding   d i scuss ion .   Another   p rocedure ,  
which is f r e q u e n t l y  u s e f u l ,  i s  t o  c o n s i d e r  t h e  work done  where 
6 
one  of  the  dimensions  of  a  structure  is  changed. In the  case  of 
a  conducting  loop  (of  any  shape)  the  energy  stored  in  the  magnetic 
field  is 
W = " I  1 2  2 (14) 
where L is  the  inductance of the  loop  and I is  the  current 
flowing  in  the loop. Thus if  the  radius, b, of the loop is 
changed  the  total  radial  force  may be calculated  from 
dW = Frdb = - a b (-LI 1 2  2 ) db 
According  to  Stratton  (Ref. 2) the  self-inductance of a 
circular loop of wire of loop  radius, b, and  cross-sectional 
radius,  r,  is 
in  rational  units  (henry)  where p l  
and p 2  is  the  permeability of the 
ing  with  respect  to  b  and  letting 
is  the  permeability of the wire 
external medium. Differentiat- 
- 3 
The total  radial  force on the  loop  is  then 
I 
and t h e  t e n s i o n  i n  t h e  loop is  
The  value of p fo r  f r e e  space i n   t h e   r a t i o n a 1 , m . k . s .   s y s t e m  is 
,W = 4 *  x henry/meter 
wh ich  y i e lds  
T h i s  r e l a t i o n s h i p  is shown i n  F i g u r e  1. 
I t  w i l l  be n o t e d  t h a t  t h e  t e n s i o n  i n  t h e  loop i s  n o t  s t r o n g l y  
dependent  on dimensions and also that  the tension is sma l l  un le s s  
t h e  c u r r e n t  is large (1 Newton = 0.225 lbs).  
2. Tension  in   Conduct ing Loop i n  t h e  
Presence of  Coaxial Conducting Loop. 
A p a i r  of coaxial conduct ing loops w i t h   r a d i i  a and b, 
r e s p e c t i v e l y ,   s e p a r a t e d   b y   t h e   d i s t a n c e  c,  are shown i n   F i g u r e  
2.  The c u r r e n t s  I and I '  f l o w  i n   o p p o s i t e   d i r e c t i o n s .  
Tens ion   i n   t he   l oop  of r a d i u s  b c o n s i s t s  o f  a term due t o  
i ts  own cu r ren t ,   eqn . (20 ) ,   and  a new term due t o  t h e  c u r r e n t  i n  
the  o the r  l oop .  
It is r e a d i l y  shown f r o m  t h e  r e s u l t s  of Smythe  (Ref. 3 ) 
t h a t   t h e   t e n s i o n   i n  loop b due t o  c u r r e n t   i n  loop a is 
8 
where K and E a r e   t h e   c o m p l e t e   e l l i p t i c   i n t e g r a l s   o f  
modulus k. 
The i n f l u e n c e  o f  f i n i t e  w i r e  diameter,  which i s  very small  
fo r  s l ende r  loops, has  been  neg lec t ed  in  de r iv ing  these  equa t ions .  
Loop tens ion  has  been  computed a s  a func t ion  of spac ing  c/b 
fo r   a /b  = 0.9 ,  1 .0 ,  and 1.1 . The r e s u l t s  a r e   p l o t t e d   i n  
F igu re  2 t o g e t h e r  w i t h  v a l v e s  f o r  t h e  t e n s i o n  i n  t h e  l o o p  of 
r a d i u s  b due s o l e l y   t o   c u r r e n t   i n   t h a t  loop. The a c t u a l  
t e n s i o n  w i l l  be t h e  t o t a l  o f  t h a t  from t h e  two sources .  I t  may 
be obse rved  tha t  t he  po r t ion  wh ich  r e su l t s  f rom the  p re sence  o f  
the second loop is s i g n i f i c a n t  o n l y  when t h e  two l o o p s  a r e  c l o s e  
t o g e t h e r  o r  when t h e  c u r r e n t  i n  t h e  o t h e r  l o o p  i s  r e l a t i v e l y  
l a r g e .  
3 .  Tension in  Conduct ing Loop i n  E a r t h ' s  M a g n e t i c  F i e l d .  
a .   Genera l   cons idera t ions .  - The tension  (or   compression)  
i n  a c i r cu la r   conduc t ing   l oop  of r a d i u s  b o r i en ted   no rma l   t o  a 
9 
uni form  magnet ic   f ie ld   o f   induct ion  B is 
T = I B b  (23) 
F o r   o t h e r   l o o p   o r i e n t a t i o n s   t h e  component of B normal t o  t h e  
loop  would be used  to  compute T ,  b u t  a moment on the loop w i l l  
then be p resen t .  
The approx ima te  va lue  o f  t he  magne t i c  f i e ld  in  the  equa to r -  
i a l  p l a n e ,  a s  a func t ion  of  geometr ic  d i s tance ,  i s  shown i n  
Figure 3 (See Ref. 4 ) f o r  u n i t s  o f  t h e  gamma and the   gauss  
( s i n c e  t h e y  a r e  t h e  most commonly encountered) and in terms of 
webers/m2 ( t h e  u n i t  i n  t h e  r a t i o n a l i z e d  m.k.s.  system). 
The t ens ion  wh ich  occur s  a s  t he  r e su l t  o f  t he  loop  cu r ren t  
wi th  a normal  uniform magnet ic  f ie ld  i s  shown in  F igu re  4 f o r  a 
number of   values   of  Bb. Also shown i n  t h e  f i g u r e  a r e  t h e  com- 
ponents  of  tens ion  due  so le ly  to  the  cur ren t  i n  the  loop ,  and 
s e c o n d l y ,  t o  t h e  c u r r e n t  i n  a second  coaxial   loop (as  d iscussed  
i n  t he  p rev ious  two s u b s e c t i o n s ) .  I t  should be n o t e d  t h a t  t h e  
t ens ion  due t o  i n t e r a c t i o n  w i t h  t h e  e a r t h ' s  m a g n e t i c  f i e l d  will 
be severa l  o rders  of  magni tude  la rger  than  the  tens ion  due t o  s e l f  
induct ion  except  when the  loop  is small  and/or a t  a cons iderable  
d i s t ance  f rom the  ea r th .  
b. A m a q n e t i c a l l w  - The t ens ion  
induced i n  a cur ren t -car ry ing  loop  by a uniform magnetic field 
t e n d s  t o  m a i n t a i n  t h e  l o o p  i n  a c i r c u l a r  s h a p e  i n  e x a c t l y  t h e  same 
10 
manner t h a t  i n t e r n a l  p r e s s u r e  i n  a p i p e  t e n d s  t o  k e e p  t h e  c r o s s -  
s e c t i o n  o f  t h e  p i p e  c i r c u l a r .  T h i s  mechanism may be used  to  
p r e v e n t  o r  e l i m i n a t e  d e f o r m a t i o n s  o f  c i r c u l a r  l o o p s .  It  is 
p a r t i c u l a r l y  e f f e c t i v e  f o r  v e r y  l o n g  s l e n d e r  w i r e s  i n  a n  e a r t h ' s  
o r b i t  a s  w i l l  be shown by the following example.  
Suppose a loop of 1000-meter radius and made of copper w i r e  
of 0.1-mm diameter is o r b i t i n g  t h e  e a r t h  w i t h  t h e  p l ane   o f   t he  
loop  normal  to a uniform  agnet ic   f ie ld  of 2 x w e b e r / m  
(cor responding  to  an e q u a t o r i a l  o r b i t  w i t h  an a l t i t u d e  o f  
approximately 2000 m i l e s ) .  A c u r r e n t  of 0 .1  ampere is 
caused  to  f low in  the  loop  by  means of  a b a t t e r y .  The fo l lowing  
p r o p e r t i e s  a r e  assumed for  copper:  
3 
2 
6 = d e n s i t y  = 8.9 gm/cm 
'e 
E = t e n s i l e  modulus = 1 7  x l o 6  p s i  = 1 . 1 7  x. newtodm 
= e l e c t r i c a l   r e s i s t i v i t y  = 1 . 7 5  x 10 ohm-cm -6 
2 
Then it fo l lows  tha t :  
T = t e n s i o n  = I B b  = 2 x 10 newtons -3 
V = volume of copper = 49.3 c m  
m = mass of copper = 439 gm 
Re = e l e c t r i c a l  r e s i s t a n c e  = 14,000 ohms 
Ve = v o l t a g e  o f  b a t t e r y  = 1400 v o l t s  
pe = e lec t r ic  power = 140 w a t t s  
11 
u = t e n s i l e  stress = 25.4 newton/cm* = 37 psi  
*X 
= second moment of a rea  o f  w i r e  c r o s s  s e c t i o n  
d4 
64 
about  w i r e  diameter = 7~ -= 4.91 x 10 -18 m4 
EI, = 5.74 x newton m 2 
W e  wish now to  cons ide r  t he  r e s i s ' cance  of t h e  c i r c u l a r  
loop shown below to  de fo rma t ions  caused  by  ex te rna l  fo rces ,  
i n i t i a l   i m p e r f e c t i o n s ,   t h e r m a l   g r a d i e n t s ,  e tc .  Deformations  are  
r e s i s t e d  by t h e  b e n d i n g  s t i f f n e s s  of t h e  w i r e  and by t h e  s t i f f e n -  
i n g  e f f e c t  o f  t e n s i o n .  The r e s u l t i n g  p o t e n t i a l  e n e r g y  f o r  s m a l l  
d e f o r m a t i o n s  i n  t h e  p l a n e  o f  t h e  loop is: 
I W = Wn c o s  n 4  
12 
For the case  of  periodic  deformations of sinusoidal waveform, 
W = Wn cos  n+ and  eqn.  (24)  becomes: 
The ratio of the  first  to  the  secord  term  expresses  the  relative 
importance of bending  stiffness  and  tension  for  resisting  deforma- 
tion. This ratio  is 
for  the  present  example. Thus  the  bending  stiffness  is  quite 
negligible  except  for  extremely  short  wavelength. 
Eqn.  (25)  may be used  to compute  the  effectiveness of the 
magnetic  field  in  removing kinks in  the  wire.  Suppose  that  the 
initial  deviation  from a circular  shape  is 
Wi = Win  cos n4 (27) 
The equilibrium  shape  in  the  presence  of a magnetic  field 
is  equal  to  the  initial  deviation  multiplied  by  the  ratio of 
spring  constants  from eqn.  (26) 
wn  EIn - = y T  
Win 
2 
The magnetic  field  is  apparently  very  effective  in  removing 
the  long  wavelength  components of initial  deviations  from  a 
13 
c i r cu la r  shape .  
Magnet ic  f ie lds  can  also be used to  co l l apse  loops  because  
the  s ign  o f  t he  stress in  the  loop  depends  on  the  d i r ec t ion  o f  t he  
c u r r e n t .  The b u c k l i n g   c r i t e r i o n  is obtained  from  eqn.  (25).  By 
r e v e r s i n g  t h e  s i g n  of T and e q u a t i n g  t h e  p o t e n t i a l  e n e r g y  t o  
zero .  For  the  present  example ,  the  cur ren t  requi red  to  buckle  
the   loop  i s  very  small  ( i .e . ,  1.15 x ampere). 
C -  AXIAL FORCE 
1. Axial Force Between Two Coaxial  Conducting  Loops. 
The ax ia l  fo rce  o f  a t t r ac t ion  be tween  two coaxial  conduct-  
ing  loops of r a d i u s  a  and b and  of  separation c is  shown 
i n  Reference 3 (when conversion is made t o  r . m . k . s .  u n i t s )  t o  be 
k2 = 4 b 
where K and E a r e   t h e   c o m p l e t e   e l l i p t i c   i n t e g r a l s  of t h e  
modulus k.  
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I 
I 
I n   F i g u r e  5 ,  F z / I I '  i s  shown a s  a func t ion  of - 
b 
for  - = 
b 
0.9,  1 . 0 ,  and 1.1 . 
C a 
2. Axial  Force  on Loop i n  Ea r th ' s  Magne t i c  F ie ld .  
S i n c e  t h e  e a r t h ' s  m a g n e t i c  f i e l d  i s  not uniform, but approxi- 
ma tes  tha t  of a magnet ic  dipole ,  it is poss ib le  under  some condi- 
t i o n s  t o  o b t a i n  an a x i a l  f o r c e  on  a conducting loop which is i n  
t h e  v i c i n i t y  of t h e  e a r t h .  T h i s  may a l so  be  seen  f rom the  d i s -  
cuss ion  of the  p reced ing  sec t ion ,  s ince  t h e  m a g n e t i c  f i e l d  o f  t h e  
e a r t h  i s  a l s o  s i m i l a r  t o  t h a t  o f  a conducting loop. 
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Assume  that  the  earth's  magnetic  field  is  that of a 
geocentric  magnetic  dipole  and  that  the  magnetic  induction  is 
Bo at the  magnetic  equator. Then 
where: 
0 = colatitude 
r = geocentric  distance 
ro = earth  radius 
Br = radial  component  of 
Be = meridional  component of B 
Bo = 4 x webers/m 
- 
2 
In order  to determim the  magnitude of the  possible  axial  force, 
a  condition  where  torque on the  loop  is  zero  and  the  axial  force 
is  relatively  large will be assumed. This condition  occurs  when 
the  axis of the  loop  coincides  with  the  magnetic  dipole  axis,  as 
shown  below. 
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The component of B a t  t he  loop which is i n  t h e  r a d i a l  
( w i t h  r e s p e c t  t o  t h e  loop) d i r e c t i o n  is 
Bb = B, s i n  0 + BQ cos 0 = ( 3 3 )  
and s i n c e   s i n  0 = b/ r  and b < < r  
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Assuming 
r = 8.8 x 10 m  (altitude = 1120  statute  miles) 6 
ro = 7.0 x 10 m 6 
b = 1000 m 
yields FZ = IBb 2rb = 2.15 x I newtons 
Reference  to  Figure 5 will  show  that  this  force  is  larger  than 
is  likely  to  be  obtained  between  two  coaxial  conducting  loops. 
D. TORQUE ON CONDUCTING LOOP IN EARTH'S  MAGNETIC  FIELD. 
The torque on a  conducting  loop  in  the  earth's  magnetic 
field  can be computed  with  considerable  precision  by  assuming 
the  magnetic  field  to be uniform. For  the  case of a  circular 
loop  the  torque  is 
M = r b  I B x  n 2 
"
where 
M = torque 
I = current 
B = magnetic  induction 
n = unit  vector  normal  to  plane  of  loop 
The magnitude  and  direction of B  can be determined  approximately 
- 
- 
- 
from  Figure 3 and  the  accompanying  text. 
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As an example consider a p a r a b o l o i d a l  a n t e n n a  o r b i t i n g  i n  
a n  e q u a t o r i a l  p l a n e  w i t h  its a x i s  of symmetry lying approximately 
i n  t h e  o r b i t  p l a n e  and  po in ted  ( excep t  du r ing  r eo r i en ta t ion )  i n  
a n  i n e r t i a l l y  f i x e d  d i r e c t i o n  as shown below. 
t N  
Equa to r i a l  
Paraboloi  
Antenna 
Torque 
Antenna a x i s  
of symmetry 
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." - 
The m a g n e t i c   f i e l d  is assumed t o  be 2 x weber/m2. 
The antenna has a conducting copper loop around i ts  pe r iphe ry  
and a source of  e lectr ical  power causing a c u r r e n t  t o  f l o w  i n  
the  loop.  The moment of i n e r t i a  a b o u t  a t r a n s v e r s e  a x i s  is 
assumed t o  be t h e  same a s  t h a t  o f  a un i form disk  of t h e  same 
mass  and diameter .  The following  numerical   values  are  assumed: 
Magne t i c   f i e ld  = B = 2 x weber/m2 
Diameter = 1500 m (b = 750 m )  
T o t a l  mass = m = 10,000 kg 
Mass of copper loop = 10 kg 
Res i s t iv i ty   o f   coppe r  = 1 . 7 5  x ohm-cm 
Current  = I = 1 . 0  amp 
I t  fo l lows  tha t :  
Transverse moment o f   i n e r t i a  = 1, = - mb2 - 1.41 x l o 9  kgsm 2 
4 
Electr ic  r e s i s t a n c e  = 346 ohms 
Power = 346 w a t t s  
Torque = M = B.lrb21 = 35.3 newton meters 
Now assume t h a t  it is d e s i r e d  t o  r o t a t e  t h e  a x i s  o f  symmetry 
through the angle  toward,  or  away f rom,  the  o rb i t  p l ane  and t h a t  
t h e  r o t a t i o n  is made by  a c o n s t a n t   a c c e l l e r a t i o n  b; u n t i l  
aU2 = a / 2  i s  reached  in  the  t i m e  T,,,~ = ~ / 2  and then  the  acce lera-  
t i o n  is r e v e r s e d   u n t i l  a i s  reached i n  t h e   t o t a l   t i m e  7 .  
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L e t  a = 0 .1  r ad ian .  Then: 
. a  M 35.3 a = - =  = 2.5 x rad /sec2  
I, 1.41 X 109 
r =  
L, 2.5 x 10- = 2000 sec 
7 = 2 7  4000 sec = 1.11 hour 
+ =  
I t  is a l s o  p o s s i b l e  t o  o b t a i n  o t h e r  r o t a t i o n s  o f  t h e  a n t e n n a  
by  employing  addi t ional   conduct ing  loops.   Al though  the area of 
s.uch loops i s  l i k e l y  t o  be cons ide rab ly  less t h a n  t h e  a r e a  o f  t h e  
one on t h e  r i m  and the  magne t i c  f i e ld  may be somewhat less  than  
t h a t  c o n s i d e r e d  h e r e ,  t h e  f e a s i b i l i t y  o f  o r i e n t i n g  a v e r y  l a r g e  
r ad io  an tenna  by  the  in t e rac t ion  o f  e lectr ic  c u r r e n t s  w i t h  t h e  
e a r t h ’ s  m a g n e t i c  f i e l d  a p p e a r s  q u i t e  f e a s i b l e .  
111. ELECTROSTATIC CHARGE 
A .  GENERAL DISCUSSION 
The e l e c t r o s t a t i c   e n e r g y  W s t o r e d   i n  a c a p a c i t o r  is 
, , l a  
2 c  
where: 
(35) 
C = capac i t ance  
Q = electr ic  charge 
2 1  
and  the  generalized force acting on a given  geometrical  coordinate 
8 is 
= - ("> 
a @  Q = constant 2 
Also, since Q = CV,  where  V is the  electric  potential on the 
surface of the  capacitor  (with  respect  to  an  infinitely  remote 
point  for  an  isolated  conductor): 
In the  following  subsections  the  forces  and  stresses  resulting 
from  an  electrostatic  charge on several  geometrical  shapes  are 
examined. The erffects  of  a  plasma  sheath,  bombardment  by  charged 
particles,  and  photoelectric  emission  are  all  very  important  under 
some  conditions and can modify  the  capacitance  and  determine  the 
power  requirements  for  maintaining  a  given  potential.  However, 
they  are not  considered in  this  report. 
E. ELECTROSTATICALLY  CHARGED  WIRE. 
The capacitance of a  long,  straight wire in free  space  has 
been reported by a  number of investigators (see, e.g., Ref. 5 ) 
and  is 
2 2  
where: 
e o  = dielectric constant of free space = 8.85 x farad/m 
a = length of wire 
d = diameter  of  wire 
The corresponding tens’ion  in the  wire is 
The electric  potential  required  versus  tension  obtained s shown 
in Figure 6 for  various  values of $/a. It is of  interest  to 
note  that  these  tensions  are  about  two  orders of magnitude  higher 
than  those  computed  by  the  method  of  Reference 6 where  the  same 
capacitance is  used but  it is assumed  that  the  charge  is  equally 
divided  between  the  ends  of  the  wire. 
As an  example of the  stresses  obtainable,  consider  the 
following  case. 
d = 0.5 x in 
e/d = l o 8  
1 = 50,000 in = 4,170 ft 
v = 100,000 volts 
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. . . 
t hen  
and 
T = 1.38 x lo'* newtons = 0.0031 lbf 
u =  T 
A 
= 1 6 , 0 0 0  p s i  
- d2 
4 
C. ELECTROSTATICALLY CHARGED CIRCULAR DISK 
The capac i t ance   o f  a c i r c u l a r  d i s k  ( R e f .  3 o r  7 1 is  
C = 8 c o b  (40 1 
where b is t h e   r a d i u s   o f   t h e   d i s k .  The r a d i a l   f o r c e  i s  
Fb = 4e0V2 (41) 
The fo rce  pe r  un i t  o f  c i r cumfe rence  i s  
and t h e  c o n s t a n t  u n i f o r m  t e n s i l e  stress ( i n  a uni form disk)  i s  
u = "r = 5.63 X 10- N 12 2 newton t b t  mL 
when b and t are i n  meters, o r  is 
when b and t are in   i nches .  
(43 1 
TWO examples of t h e  stress o b t a i n e d  i n  a d i s k  a s  t h e  r e s u l t  
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of an  electrostatic charge  are  given  below. 
1. Example No. 1 
b = 750  m = 2 9 , 5 0 0  in 
t = 0.001 in 
v = 2.5 x 105 volts 
The resulting  tensile  stress is 4 = 2.7 x lom3 psi 
2 .  Example No. 2 
b = 9.0 in 
t = 0.001 in 
v = 20 x l o 3  volts 
D. ELECTROSTATICALLY  CHARGED  SPHERE. 
The  capacitance of an  isolated  sphere of radius  R  is 
C = 47reoR 
and  the  total  radial  force on the  sphere  is 
2 F, = 2 a e o V  
The equivalent  internal  pressure is 
2 
pr = -k~ 4*R = %(;) 2 = 4.42 x 10- 12(;)~ newton/m 2 
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The resulting  tensile  stress  in  the  shell  is 
a = - = 2.21 x 10- v2 12 2 4Rt Rt 
where  t is  the  thickness  of  the  shell. 
For  a  sphere of the  ECHO I1 size (i.e., with  a  radius of 
20 meters)  and  a  potential of 2 x LO5 volts 
Pr = 4.42 x newton/m2 (49) 
In comparison,  solar  radiation  pressure  at  the  earth's  distance 
from  the  sun  upon  an  absorbing  surface  is 4.5 x newtodm 
which is  two  orders of magnitude  lower  than  the  electrostatic 
pressure. 
2 
IV. CONCLUSIONS 
The forces  on  a  variety of simple  structures  due  to  magneto- 
static  and  electrostatic  fields  have  been  examined  in  this  report 
from  the  viewpoint of potential  application to  the  deployment, 
attitude  control,  and  surface  contour  control  of  large  space 
structures.  Conclusions  regarding  the  magnitudes  of  achievable 
effects  are  as  follows: 
1. Self and  mutually  induced  forces  in  conducting loops 
are  extremely  small  under  most  conditions.  They  are  not  likely 
to be the  predominating  magnetostatic  forces  except  for  small 
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loops and/or  very large currents .  
2.  Forces  and moments on  a  conducting loop due t o  i n t e r -  
a c t i o n  w i t h  t h e  e a r t h ' s  m a g n e t i c  f i e l d  w i l l  be use fu l  fo r  ma in ta in -  
i n g  t h e  loop deployed  in  the  presence  of  var ious  per turb ing  i n f l u -  
ences  such  as  bui l t - in  imperfec t ions  and  for  cont ro l l ing  the  
a l t i t u d e  o f  a space vehicle .  Even  a ve ry  small c u r r e n t  i n  t h e  
wrong direction however,  can cause such a loop  to  buckle .  
Propuls ion  by  these  forces  does  not  appear  feas ib le .  
3 .  Forces   caused   by   e l ec t ros t a t i c   cha rge   on   f l ex ib l e  
s t ruc tures  is a p p l i c a b l e  i n  some cases   t o   con tour   con t ro l .  Among 
such  appl ica t ions  is the maintenance of a long w i r e  i n  ve ry  nea r ly  
a s t r a i g h t  l i n e  and the maintenance of a passive communication 
" b a l l o o n "  i n f l a t e d  a g a i n s t  r a d i a t i o n  p r e s s u r e .  
Astro Research Corporation 
P. 0. Box 4128 ,  
Santa  Barbara ,  Cal i forn ia ,  
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Figure 3 Approximate Magnetic F i e l d  of Ear th  
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Note: Loops repe l  when cur ren ts  a re  i n  opposi te  direct ions.  
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Figure 5 A x i a l  Force Between Conducting Loops 
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